This study investigates a root cause of the improved rate performance of LiFePO 4 after metal doping to Fesites. This is because the metal doped LiFePO 4 /C maintains its initial capacity at higher C-rates than undoped one. Using LiFePO 4 /C and doped LiFe 0.97 M 0.03 PO 4 /C (M=Al
Introduction
Olivine-type lithium iron phosphate (LiFePO 4 ) has been considered as a promising candidate for a cathode material in the lithium-ion batteries after first introduced by Goodenough's group in 1997.
1 This is because LiFePO 4 has the advantages of high theoretical capacity (170 mAh g ) and low lithium ion diffusivity lead to slow electron movement and poor Li ion transfer under rapid rates, impeding the rate capability. [4] [5] [6] [7] To overcome the drawbacks of LiFePO 4 , recent efforts have been given to the improvement of rate performance by coating carbonaceous conductors [8] [9] [10] [11] and substituting Li with metals such as Nb, Mg, Zr, or Cr. 12, 13 Concerning the position of the added metals in the lattice, Fe sites have been also considered as a suitable position to enhance the rate performance of LiFePO 4 . Baker et al.
14 incorporated Mg ion to Fe ion sites and delivered initial capacity 156 mAh g Wang et al., on the other hand, improved initial capacity and reversibility by producing P-type semiconductor regions in a LiFePO 4 particle by doping Ti ions. 15 They ascribed the beneficial doping effects to the improvement of electronic conductivity after doping.
In this study, the binding energy and chemical compositions of LiFePO 4 /C and LiFe 0.97 M 0.03 PO 4 /C (M=Al ) are measured by X-ray photoelectron spectroscopy (XPS), and Atomic absorption spectroscopy (AAS) is used to examine the amount of Li content. The mechanism of improved rate performance is examined by comparing the binding energy, chemical composition, and Li content of the LiFePO 4 before and after doping.
Experimental

A mixture of Li
, and 3 wt % of carbon black powder were placed in a zirconia bowl and the mechanochemical reaction was carried out for 3 hrs in a planetary mill (FRITSCH Pulverisette 5). The rotation speed was 250 rpm and the ball-to-powder weight ratio was 20:1. 4 (Aldrich, ≥ 97%) were used to dope Al, Cr, and Zr ions, respectively. The crystal structure of LiFePO 4 was analyzed by X-ray diffraction (XRD; D/MAX-II A) using Cu K α radiation varying between 15°-45° (2θ). The morphology of the LiFePO 4 was examined by a field emission scanning electron microscope (FE-SEM, Hitachi, S-4200, Japan).
The cathode was composed of active materials, acetylene black, and polyvinylidene fluoride (PVDF) at a weight ratio of 85:10:5 and was coated onto an Al foil. 
Results and Discussion
The particle morphology of the sample was examined first since the particle size determines the diffusion distance through the particle and effective surface area for the electrochemical reaction. Figure 1 shows the SEM images of the undoped and metal doped LiFe 0.97 M 0.03
). They showed similar fine particles in the size range of 100-200 nm. The small adherents on the surface of LiFePO 4 particles appeared to be carbon black. This carbon layer restrains particle growth during heat-treatment and improved electrochemical properties by decreasing the Li ion diffusion path.
17
The structure of the LiFePO 4 /C and LiFe 0.97 M 0.03 PO 4 /C (M=Al, Cr, Zr) was investigated by XRD (Fig. 2) . XRD profiles showed pure phases with an ordered olivine structure and the secondary phases such as Fe 2 p and Li 3 PO 4 were not detected. The lattice parameter obtained from the samples showed slightly changed (Table 1) , which indicated that Fe ion might be substituted by M ion (M=Al, Cr, Zr). Distinct anodic (charge) and cathodic (discharge) peaks were found from the samples indicating a redox reaction in a two phase system. However, the shape and intensity of the current peaks were changed considerably after doping. showed the reduced peak separation between the cathodic and anodic peaks which indicated that metal doping weakens the polarization. Shin et al. 18 reported a similar result with the narrow current peaks after Cr doping, which was attributed to the decreased polarization resistance of the cathode.
The rate performance of LiFePO 4 /C and doped LiFePO 4 / C were compared at discharge rates from 0.2 C to 30 C and shown in Figure 5 (a) . The initial capacity of the LiFePO 4 /C was 147.9 mAh g −1 at 0.2 C. On the other hand, the doped LiFePO 4 /C showed slightly lower initial capacity of 143.3 mAh g , respectively. The doped LiFePO 4 / C, in general, exhibited excellent rate capability and LiFe 0.97 Cr 0.03 PO 4 /C was found to have the best performance. Figure 5 (b) showed the cycleability of LiFePO 4 /C and doped LiFePO 4 /C at 2 C charge-discharge rate. The doped LiFePO 4 /C maintained their initial capacity, while LiFePO 4 / C showed capacity reduction after 60 cycles. These results demonstrate the positive role of metal doping for the fade resistance of LiFePO 4 , which leads to the improvement of the electrochemical performance at high C rates. The improvement of the rate performance by metal doping has been observed by others and they explained the performance improvement by enhanced electronic conductivity.
12-15
To find the root cause of the improvement of rate performance after metal doping, chemical delithiation of the LiFePO 4 was conducted by atomic absorption spectroscopy (AAS) and inductively coupled plasma (ICP). Table 2 , and Zr 4+ ions instead of Fe 2+ ion, 19 causing the slight drop of initial capacity at 0.2 C, as shown in Figure 5 . Table 3 This result suggests that the doped LiFePO 4 /C has a weaker binding force between Li and other surrounding elements than that of LiFePO 4 /C. It facilitates the Li ion diffusion so that the Li ion can escape the particle easily. The result of elemental composition is well coincided with the rate performance. In other words, the metal doped LiFePO 4 /C, which contained a smaller amount of Li content after chemical delithiation demonstrated excellent capacity retention, while undoped LiFePO 4 /C showed sharp capacity fading.
In order to understand the experimental result from chemical delithiation, the chemical binding energy of the Figure 7 shows the O1s peak profiles from four different samples. The O1s peak from LiFePO 4 /C consisted of three distinct peaks corresponding to P 2 O 5 , Li 2 O, and Fe 2 O 3 and the Li 2 O peak coincided well to the O1s peak, which indicated that Li 2 O was dominant in oxygen bonding. On the other hand, when the metals such as Al, Cr, and Zr were incorporated instead of Fe, the O1s peaks were consisted of four different peaks. This is because new compositions were established after metal doping and the new peaks were corresponded to Al 2 O 3 , Cr 2 O 3 , and ZrO 2 . As a result, the shape and intensity of the three original peaks were altered due to newly created peaks. In the case of undoped LiFePO 4 /C, a Li 2 O peak was the most dominant peak and it almost coincided with the O1s peak, indicating that Li-O bonding maintained sufficiently strong interaction in the undoped LiFePO 4 /C. Whereas, the Li 2 O peaks from the doped LiFePO 4 /C was decreased by metal doping and as a result, newly produced peaks corresponding to Al 2 O 3 , Cr 2 O 3 , and ZrO 2 or already existing P 2 O 5 and Fe 2 O 3 peaks were increased. This suggested that Li-O interaction was weakened by metal doping, which improved the rate performance of the doped LiFePO 4 /C due to high Li diffusion. 
